Abnormalities in parvalbumin (PV)-expressing interneurons cause neurodevelopmental disorders such as epilepsy, autism, and schizophrenia. Unlike other types of neurons that can be efficiently differentiated from pluripotent stem cells, PV neurons were minimally generated using a conventional differentiation strategy. In this study we developed an adenovirus-based transdifferentiation strategy that incorporates an additional chemical compound for the efficient generation of induced PV (iPV) neurons. The chemical compound forskolin combined with Ascl1 induced ϳ80% of mouse fibroblasts to iPV neurons. The iPV neurons generated by this procedure matured 5-7 days post infection and were characterized by electrophysiological properties and known neuronal markers, such as PV and GABA. Our studies, therefore, identified an efficient approach for generating PV neurons.
Parvalbumin interneurons are a small population of neurons that constitute the inhibitory modules of the cerebral cortex and hippocampus (1, 2) . Although small in number and size, parvalbumin interneurons play important roles in a wide spectrum of brain functions, such as orchestrating the timing of various critical periods, synchronizing the electrical activities of certain brain cells, and rewiring the circuitry. The malfunction of these pivotal cells has been proven to be critical in autism, schizophrenia, and other neurodevelopmental disorders (1) . PV 2 neurons originate primarily from the medial ganglionic eminence of the subcortical telencephalon. They mature slowly and spread throughout the brain over time. Until now the procurement and generation of specific type of neurons has depended on direct differentiation from pluripotent stem cells, such as embryonic stem cells or induced pluripotent stem cells. This common approach has been used for the generation of PV neurons (3) . The generation of PV neurons for research and therapeutic purposes by other approaches needs to be investigated.
Direct generation from one cell type to another provides a promising avenue for transplantable cells and holds great hope for cell-based therapy. Skin fibroblasts (mesodermal lineage) are an important source of starting cells that can be directly converted into a wide variety of cell types, including neurons (ectodermal lineage) (4, 5) . Specific types of neurons, such as dopaminergic neurons (6 -8) , spinal motor neurons (9) , and cholinergic neurons (10) have also been efficiently converted from mouse or human fibroblasts. Thus, for late-born and slowly maturing neurons such as parvalbumin interneurons, it might be possible to surpass the laborious process of differentiation by obtaining functional cells through the direct conversion from other types of cells.
Because of the side effect of integration associated with lentior retrovial delivery of exogenous genes, previous procedures used for transdifferentiation led to uncertainty in the genetic and epigenetic stability of the target cells. To explore suitable approaches for neuronal generation, we and other groups have developed a non-integrating transgene system for achieving induced neuronal cells from fibroblasts (11, 12) . In such systems the desired cells can be directly obtained by the introduction of transcription factors, such as Ascl1, Brn2, and Ngn2. In addition, in the non-integrated transgene system, the addition of chemical compounds can efficiently promote the generation of functional neurons (13) . Thus, we hypothesize that by combining the two effective approaches, the efficient generation of functional PV neurons from fibroblasts should be feasible.
To generate PV neurons through direct conversion, we set up a screening system based on the adenoviral expression of Ascl1 to screen candidate chemical compounds that could generate PV neurons. Finally, we found one chemical compound, forskolin, combined with one transcription factor Ascl1 efficiently converts fibroblasts to PV neurons. experimental protocols and approved by Animal Care and Use Committees at the Institute of Zoology, Chinese Academy of Sciences.
Fibroblast Isolation and Culture-We used E13.5 C57BL/6 or PV-GFP transgenic mouse embryos to isolate primary mouse embryonic fibroblasts. The head, vertebral column, dorsal root ganglia, and visceral organs were removed; the remaining tissues were dissected into small pieces and digested for 10 min in 0.25% trypsin (Invitrogen). The dissociated cells were cultured in high glucose DMEM (Invitrogen), supplemented with 10% fetal bovine serum (FBS) (Biochrom), 0.1 mM nonessential amino acids, and 2 mM Glutamax in a 37°C and 5% CO 2 incubator. The cells became confluent in ϳ2-3 days and were passaged in a 1:4 split. MEFs were used between passages 2 and 4. Tail tip fibroblasts were obtained from the tail of 8-week-old mice.
Adenovirus Production and Infection-Ascl1 was cloned first in pEntr 3C vector (Invitrogen) and finally in pAD vector (Invitrogen) by homologous L/R recombination. The method of Ascl1 adenovirus packing followed the instruction of previous reports (11, 13) . Then, we used the adenovirus to infect mouse embryonic fibroblasts or human embryonic fibroblasts twice for 4 h per day at multiplicities of infection (number of viral particles per cell) of 30 or 20. Twenty-four hours post infection, half of the culture medium was changed into neural medium (1 g/liter glucose DMEM/F-12/neural basal 2:2:1, 1ϫB-27, 10 or 20 ng/ml BDNF) every day for 2 successive days. Next, half of the medium was changed every 2 days until the cells were ready for immunostaining and electrophysiological experiments. 10 or 20 mol/liter forskolin was freshly added in neural medium when culture medium was changed for 5 days.
Conversion Efficiency-We counted the conversion efficiency by using the neuronal purity as the percentage of Tuj1 cells relative to the total final population (11) . We randomly selected 8 -10 visual fields for each well and calculated the total cell number (at least 200 cells) visualized after DAPI staining and the total iN cell number indicated by Tuj1 staining. The efficiency was calculated by dividing the number of iN cells by the number of total cells in each visual field.
Immunofluorescence-iPV neurons were fixed with 4% paraformaldehyde in 0.1 mol/liter phosphate-buffered saline (PBS) for 20 min at room temperature and blocked with 5% BSA and 0.1% Triton X-100 in PBS for 30 min. Primary antibodies were diluted in antibody dilution solution (PBS with 1% BSA, 0.1% Triton X-100) in ratios from 1:100 to 1:1000, and secondary antibodies were diluted 1:1000 in antibody dilute solution. iPV neurons were incubated in primary antibodies overnight at 4°C, and secondary antibodies were incubated for 60 min at room temperature.
The following primary antibodies were used: rabbit anti-fibronectin (1:100, BOSTER), rabbit anti-S100A4 (fibroblastspecific protein 1 (FSP1)) (1:100, Proteintech), mouse anti-GFAP (1:1000, Sigma), mouse anti-Nestin (1:200, Millipore), rabbit anti-Tuj1 (1:1000, Sigma), mouse anti-Tuj1 (1:1,000, Millipore), mouse anti-PV (1:400, Millipore), rabbit anti-GABA (1:4000, Sigma), rabbit anti-VGAT (1:500, Millipore), mouse anti-Map2a (1:500, Millipore), mouse anti-NeuN (1:300, Millipore), mouse anti-synapsin (1:500, Synaptic Systems), rabbit anti-vGLUT1 (1:1000, Synaptic Systems), mouse anti-GAD67 (1:1000, Millipore), rat anti-GFP (1:1000, MBL), rabbit anti-HB9 (1:100, Santa Cruz), and rabbit anti-TH (1:1000, Millipore), and DAPI (1:1000, Sigma). Alexa Fluor 488-and Alexa Fluor 546-conjugated secondary antibodies were obtained from Invitrogen. Cy2-, Cy3-, and Cy5-conjugated secondary antibodies were obtained from Jackson ImmunoResearch.
Real-time PCR Analysis-iPV neurons and wild-type neurons were cultured in neuron medium. MEFs were cultured in DMEM ϩ10% FBS medium. All cells were washed with serum-free medium before collection. TRIzol extraction of total RNA was performed according to the manufacturer's instructions. 600 ng of total RNA was reverse-transcribed and then quantified using SYBR Green (Tiangen), and ␤-actin was used as the reference. Sequences of primers for realtime PCR were (F, forward; R, reverse): Map2a, AAC-CAATTCGCAGAGCAGGA (F) and GGGAGTTCCAGGG-GTGATTG (R); NeuroD1, CAGCTCAACCCTCGGACTTT (F) and GGGGACTGGTAGGAGTAGGG (R); PV, GTCGAT-GACAGACGTGCTCA (F) and TTGTGGTCGAAGGAGT-CTGC (R); KCNS3, TTCTATGCCACGTTGGCTGT (F) and AGACCGAAGCCCTACAGAGT (R); Cacn, AGGCTGCCC-AATGGTTACT (F) and CTTAGCACCAGTCGTCCTCG (R); Kv1.1, TGCCCGGGTTATTGCCATTG (F) and TCCTTCAG-CTCAGGGAGAGT (R); Kv1.2, TATCAGTCTGGGGGCA-GGTT (F) and TGTAGCCTTCATCCTCCCGA (R); Kv1.6, vCACTCCGGACTTGAAGGCAA (F) and CCGCATAAGCT-CGATGTGGA (R); Kv3.1, CCAGCGAACACACACACTTT (F) and ACCAGCATTCCAGACCACG (R); Kv3.2, AAGGCT-CCCTATCAGACGCT (F) and GCAGTACTCTCCATGG-GCTC (R); Nav1.1, GGCAACCTGACTCTGGTGTT (F) and TGGGAGTTTGCAGTCAGTGG (R); Nav1.2, CGCTCTCC-TAGGTGCAATCC (F) and TCCTCTTCTTCCGTCGGTTC (R); exogenous Ascl1, TTAATACGACTCACTATAGGGA (F) and ATAGAGTTCAAGTCGTTGGAGTAGT (R); ␤-actin, GGCTGTATTCCCCTCCATCG (F) and CCAGTTGGTAA-CAATGCCATGT (R).
High Performance Liquid Chromatography (HPLC)-Liquid chromatography was performed by Agilent 1100 HPLC system (Agilent Technologies). The chromatographic separation was accomplished by Agilent Zorbax SB-C18 reserved phase column (280 ϫ 6.4 mm, 5 m) coupled with Agilent Zorbax Extend C18 guard column (10 ϫ 6.4 mm, 5 m). The column temperature was maintained at 25°C. The mobile phase consisted of 40 mM Na 2 HPO 4 in water (A) and an acetonitrile: methanol:water ratio of 45:45:10 (v/v/v) (B). Standard GABA and iPV neurons culture medium were diluted by ultrapure water. Samples were filtered by a 0.2-m membrane before separation. The flow rate was 0.5 ml/min.
Enzyme-linked Immunosorbent Assay (ELISA)-Standard GABA and iPV neurons culture medium were used for coating overnight at 4°C. The next day, PBS with 0.05% Tween 20 was used to wash wells for 4 times with slightly oscillation. Primary antibody (rabbit anti-GABA, 1:1000, Sigma) was added and incubated overnight at 4°C. After washing, horseradish peroxidase-labeled secondary antibody was used for 1 h at 37°C. Then, after washing, 0.1 ml of tetramethyl benzidine chromogenic solution (0.1 mg/ml, Solarbio) was reacted 5-10 min at room temperature in a dark place and stopped by 0.1 ml of 1 M hydrochloric acid. Absorbance values were read by a microplate reader at 450 nm.
Transplantation of iPV Neurons in Vivo and Tissue Dissection-iPV neurons or MEFs were labeled with GFP by lentivirus infection and concentrated to ϳ10 5 cells/l. 0.5 l per site was transplanted into the brain hippocampal dentate gyrus area of 8 -10-week-old epileptic C57BL/6 mice (anesthetized with 70 mg/kg pentobarbital sodium). 2-4 weeks post transplantation the mice were perfused with 0.9% saline and followed by 4% paraformaldehyde. The brains were removed and fixed in 4% paraformaldehyde overnight followed by gradient dehydration in 0.1 M PBS containing 5-30% sucrose for 2 days at 4°C. Consecutive coronal sections (30 m) were sliced using a Leica SM 2000R Sliding Microtome and stored in tissue collecting solution (25% glycerin, 25% ethylene glycol in 0.1 M PBS) at Ϫ20°C until use. For migration studies, a single injection was made into the right dorsal CA3 region. For EEG and behavior experiments, transplantations were considered successful if the survival of GFP cells in the brain was evenly distributed in both hippocampus and cortex.
Electrophysiology; Cultured Cell Electrophysiological Detection-MEF-derived iPV cells were placed on glass coverslips for electrophysiological detection 7-14 days post infection. Whole cell patch clamp recordings in either voltage or current clamp mode were conducted to measure the voltage-activated sodium/potassium currents or action potentials, which were recorded using an Axopatch 200B or MultiClamp 700A amplifier (Molecular Devices). The electric signals were filtered at 2-10 kHz, digitized at 20 -100 kHz (Digidata 1322A; Molecular Devices), and further analyzed using pClamp version 9. Brain Slice Electrophysiological Detection-At 60 -75 days after transplantation, mice were perfused with 0°C artificial cerebrospinal fluid, and hippocampal coronal slices were prepared (300 m in thickness). Slices were immerged in the incubation immediately at 32°C for 10 min and perfused with 25°C artificial cerebrospinal fluid with oxygen saturation. The cutting solution with sucrose contained 87 mM NaCl, 25 mM NaHCO 3 , 25 mM glucose, 50 mM sucrose, 2.5 mM KCl, 1.2 mM NaH 2 PO 4 , 4 mM MgCl 2 -6H 2 O, and 0.5 mM CaCl 2 . The external solution fluid (artificial cerebrospinal fluid) contained 118 mM NaCl, 25 mM NaHCO 3 , 10 mM glucose, 2.5 mM KCl, 1.2 mM NaH 2 PO 4 , 1.3 mM MgCl 2 ⅐6H 2 O, and 2.5 mM CaCl 2 (at pH 7.3, 290 mOsM). Whole cell patch clamp recordings from GFPlabeled cells were performed at 40ϫ using an upright, fixedstage microscope (Olympus BX50WI) equipped with infrared differential interference contrast and epifluorescence optics.
Patch pipettes (3-5 megaohms) were filled with an internal solution containing 140 mM potassium gluconate, 1 mM NaCl, 5 mM EGTA, 10 mM HEPES, 1 mM MgCl 2 , 1 mM CaCl 2 , 3 mM KOH, 2 mM ATP, and 0.2% biocytin (w/v), pH at 7.3, 300 mOsM. Recordings were obtained with an Axopatch 1D amplifier, filtered at 5 kHz, and recorded to pClamp 10.2 software (Clampfit, Axon Instruments). Spontaneous miniature postsynaptic currents (PSCs) were examined at a holding potential of Ϫ70 mV. Series resistance was typically Ͻ15 megaohms and was monitored throughout the recordings. Data were only used for analysis if the series resistance remained Ͻ20 megaohms and changed by Յ20% during the recordings. Recordings were not corrected for a liquid junction potential. Resting membrane potentials were measured immediately after breakthrough by temporarily removing the voltage clamp and monitoring voltage. For current-clamp recordings, electrophysiological properties were measured in response to a series of long (1000 ms) depolarizing current injections (50 pA steps, range ϭ 100 -1000 pA). Data analysis was performed using pClamp 10.2 (Clampfit, Axon Instruments), MiniAnalysis 6.0 (Synaptosoft), Microsoft Excel, and Sigmaplot 12.3 programs. A 2-min sample recording per cell was used for measuring miniature PSC characteristics. Events characterized by a typical fast rising phase and exponential decay phase were manually detected using the Mini Analysis program. The threshold for event detection was a current with an amplitude greater than three times the root mean square noise level.
Flow Cytometry Analysis-At 3, 7, and 14 days post infection, cells of infected MEFs were dissociated into single cell suspensions for flow cytometry screening, and GFP-positive cells were collected. The primary PV cells were sorted from P16 PV-GFP mouse brain, and induced PV cells were sorted from PV-GFP MEFs 14 days after infection. Living cells were analyzed by FACS Caliber apparatus (BD Biosciences) with FlowJo software (Tomy Digital Biology). The sorting cells were used to extract RNA and carried on further gene expression microarray analysis.
Gene Expression Microarray Analysis-Mouse genome-wide gene expression analysis was performed using GeneChip Mouse Gene 2.0 ST Arrays (Affymetrix Inc.). Total RNA was extracted from MEFs, Ascl1ϩforskolin-treated iPV cells, FACS iPV cells, and FACS primary PV neurons from cortex of postnatal day 16 (P16) PV-GFP mouse; the total RNA was reversetranscribed using an Amino AllylMessageAmp TM II aRNA Amplification kit (Ambion). For gene expression profiling analysis, mouse whole genome OneArray microarray v2 (MOA-002) chips were used with 41,345 mouse genome probes. Expression Console software (version 1.4.1, Affymetrix) was used to extract raw data and offer Robust Multi-array Average (RMA) normalization. Next, R software was employed to finish the basic analysis. Differentially expressed genes were then identified through -fold change. The threshold set for up-and down-regulated genes was a -fold change of Ն2.0. Afterward, GO analysis and KEGG analysis were applied to determine the roles of these differentially expressed mRNAs played in these GO terms or pathways. Microarray data were deposited in NCBI Gene Expression Omnibus with the GEO accession number GSE79146.
Statistical Analysis-Statistical analysis was evaluated by SPSS 16.0 software and assessed with normality and variance.
Data were compared by t test, one-way analysis of variance (ANOVA) for multiple comparisons, or two-way ANOVA for repeated measures. Values were considered statistically significant at a difference at p Ͻ 0.05 (*), p Ͻ 0.01 (**), and p Ͻ 0.001 (***). Data are presented as the mean Ϯ S.E.
Results

Identification of Forskolin as a Promising Candidate for iPV
Neuron Generation-To reveal whether chemical compounds could induce fibroblast into PV neurons, we first set up a screen based on the established system for direct neuron generation. Because PV neurons are inhibitory neurons, we used the transcription factor Ascl1, which induces an inhibitory fate during neural specification, as the core factor. Compounds were added into culture medium after cells were infected Ascl1 first (Fig.   1A ). Under this system we screened compounds at concentrations ranging from 1 M to 100 M. Part of the compounds screening results are provided at supplemental Table 1 . Eventually, we identified one compound, named forskolin, that could efficiently induce PV-positive neurons at a concentration of 20 M together with transcription factor Ascl1.
MEFs from wild-type and PV-GFP transgenic mice were used as the initial cells (14) . MEFs were detected to be fibronectin-and fibroblast-specific protein 1 (FSP1, also called S100A4)-positive and Tuj1/GFAP/Nestin-negative. We did not observe Tuj1-positive cells in cultured MEFs after empty vector adenovirus infection or without viral infection. The cellular variation in morphology started at 3 days post infection (dpi) by the treatment of Ascl1-GFP virus and forskolin (Fig. 1B) . The induced neurons became elaborately branched after another 2 FIGURE 1. Forskolin combined with Ascl1 efficiently converts fibroblasts into PV neurons. A, diagram depicting the procedures for converting MEFs to neurons by adenoviruses carrying Ascl1 combined with the chemical compound. B, WT MEFs isolated from wild-type mice were treated with Ascl1-GFP and forskolin; the cellular morphology started to change at 3 dpi. C, Ascl1 in coordination with forskolin effectively induced MEFs to PV-positive neurons as examined by PV at 7 dpi. D, almost all Ascl1-and forskolin-induced neurons were positive for GABA and negative for VGLUT1. PV, VGLUT1, and GABA staining were performed at 14 dpi. E, PV-positive cells were examined and counted at different conditions of GFP-control, Ascl1 alone, forskolin alone, and Ascl1 plus forskolin. F, Tuj1-positive cells were checked by the treatment of Ascl1 and Ascl1 plus forskolin. G, quantification of PV ϩ Tuj1 ϩ , GABA ϩ PV ϩ , and VGLUT1 ϩ PV ϩ cells. ***p Ͻ 0.001; NS (not significant), p Ͼ 0.05. Scale bars: 50 m. days of culture, indicating the maturation of these converted neurons (Fig. 1C ). At 7 dpi, PV-positive cells accounted for 77.2% of the total cells and were almost all Tuj1-positive neuronal cells (Fig. 1, D-F) . However, Ascl1 alone and forskolin alone did not induce fibroblasts to PV neurons.
To further characterize the cellular identity of the induced PV cells, we stained the iPV neurons with antibodies against GABA and VGLUT1 at 14 dpi. In four replicates, we did not observe any VGLUT1-positive cells. Instead, nearly all PV-positive cells were GABA-positive (99.6% double positive; Fig. 1, D and G) .
Forskolin drastically increased the induction of PV neurons in our screening system. We then asked whether forskolin alone was able to convert fibroblasts into PV neurons. In another set of MEFs that did not receive adenoviral infection of Ascl1, we administered the same amount of forskolin used in the above screen and examined the possible neuronal generation through immunostaining with Tuj1 and PV. During the 21 days of inspection, we did not find any Tuj1-or PV-positive cells in MEFs treated with forskolin alone, indicating that forskolin could act in combination with Ascl1to generate iPV neurons.
Characterization of iPV Neurons-First, we analyzed these iPV neurons with more specific-type neuronal markers. At 14 days post infection, MEF-derived iNs expressed two neuronal markers for inhibitory neurons, GAD67 and VGAT (Fig. 2, A  and B) . The iN cells were also positive for the neuronal markers Map2a, NeuN, and synapsin (Fig. 2, C-E) .
The induction of PV neurons from MEFs was further verified by examining the gene expression in MEFs, iPV neurons, and endogenous PV neurons using real-time fluorescence quantitative PCR. Compared with that in MEFs, all of the neuron-spe- cific genes were up-regulated in iPV neurons, which is comparable with that in endogenous PV neurons. The mature neuronal Map2a was dramatically increased Ͼ500-fold compared with MEF. The PV-neuron-specific genes encoding sodium voltagegated channel and potassium voltage-gated channel members (15, 16) were up-regulated dozens or hundreds of times compared with MEF (Fig. 2F ). This tendency for up-regulation was consistent with that in endogenous PV neurons.
Extensive Examination of PV Neuron Induction-Forskolin usually increases the level of cAMP. To determine whether cAMP analogs have a similar effect, Bt 2 cAMP (dibutyryl cyclic AMP) and 8-Br-cAMP were applied to culture medium. These two cAMP analogs with Ascl1 could convert fibroblasts to neurons as well (Fig. 3A) . The dose-dependent manner of forskolin was also checked, and forskolin had the high conversion effect at 10 or 20 M (Fig. 3B ). After infection with Ascl1, the expression of Ascl1 needed to be measured, and the result showed Ascl1 was highly expressed with multiplicity of infection (MOI) of 10 ( Fig. 3C) . iPV neurons were examined by more specific neuronal markers of TH and HB9 and glial marker of GFAP, which were not detected (Fig. 3D) . To determine whether iPV neuron cells could also be obtained from postnatal cells, tail-tip fibroblasts from adult mice were used. The data showed Tail tip fibroblasts were also converted to iPV neurons ( Fig. 3E) .
Electrophysiological Detection of iPV Neuron-To determine the electrophysiological properties of Ascl1ϩforskolin iN neurons, we characterized the action potentials (AP) and PSCs of those iN cells at 7-14 days post infection. At 7 dpi, all iPV neurons (n ϭ 15) have functional membrane properties including sodium and potassium currents (Fig. 4A) . Sodium currents could be blocked by the specific inhibitor of TTX (Fig. 4B ). iPV neurons exhibited repetitive action potentials with high frequency discharges and sharp spikes (Fig. 4C) . The electrophysiological parameters of resting membrane potential, membrane input resistance, and membrane capacitance were measured in iPV neurons and endogenous PV neurons, which showed similarity (Fig. 4D) . These characteristics are all features specific to PV neurons (17) . At 7-10 dpi, spontaneous action potentials were detected and could be abolished by TTX (Fig. 4E) . The spontaneous PSCs could not be abolished by CNQXϩAP5, but they could be abolished by PTX, indicating that the PSCs in culture were inhibitory PSCs with inhibitory GABA neurotransmission (Fig. 4F ). Finally, GABA could evoke PSCs in the iPV neurons, and the evoked PSCs could be blocked by bicuculline (Fig. 4G) .
To further explore the neurotransmitter-releasing properties of the iN cells, we collected the culture medium of iN cells from 1 to 10 days post infection. We then quantified the amount of GABA using either HPLC or ELISA. We found that the GABA concentration in the medium gradually increased over time and exceeded 100 ng/ml at 7 dpi. Thereafter, it remained at a similar level (Fig. 4, H-J) . These in vitro data indicated that the iPV neurons were inhibitory neurons.
iPV Neurons Integrate into the Hippocampal Dentate Gyrus Neural Network-To verify whether the iPV neurons have functional properties in vivo, we transplanted these iPV neurons into the brains (18, 19) . The iPV neurons were transplanted into the hippocampal dentate gyrus of mice. The grafted iPV neurons migrated alongside the hippocampal fissure during the following 4 weeks but did not exceed the boundary of the fissure (Fig. 5A) . Two weeks after transplantation, iPV cells were examined for PV ( Fig. 5B) . After 4 weeks, NeuN-and synapsin-expressing iN cells were readily seen in the brain sections (Fig. 5, C and D) . These data indicated that the transplanted iPV neurons could survive and become mature after transplantation into the brain.
After the grafted cells matured and grew for 8 -10 weeks, we collected acute brain slices with a 300-m thickness, put them in ice-cold artificial cerebrospinal solution, and characterized them using electrophysiological testing. The grafted cells that had been electrophysiologically recorded were also examined for PV staining (Fig. 4E ). Furthermore, the GFP-positive cells had the ability to produce regular fast spiking pattern action potentials with high thresholds (Fig. 5F ). The frequency of the grafted cell AP was 186 Ϯ 22 Hz/s (n ϭ 3), which was similar to the endogenous PV cell AP frequency of 160 -210 Hz/s (n ϭ 5). The grafted cell threshold of onset AP was Ͼ200 pA, and the maximum frequency threshold was ϳ600pA, which were also similar to the endogenous PV neuron AP threshold (Fig. 5G ). More physiological parameters of the grafted cells were similar to the characteristics of endogenous PV neurons, such as resting membrane potential, capacitance, input resistance, electrical current, cell size, and input and output electrical signals. In addition, transplanted iPV neurons displayed miniature PSCs (n ϭ 7), and the amplitude and frequency of those PSCs was similar to those of endogenous PV neurons (n ϭ 7) ( Fig. 5H) .
Global Gene Expression Pattern Detection in iPV Neurons-To explore in more detail of the similarities and differences between iPV neurons and endogenous PV neurons, we compared the global gene expression pattern of MEFs, several stages of iPV neurons, and endogenous PV neurons using microarray analysis. Hierarchical clustering revealed that the global gene expression profile of iN cells showed a higher degree of similarity to primary neurons rather than MEF cells. We found that 2175 genes with a Ͼ2-fold change were altered in iPV neurons compared with MEFs. The gene expression pattern between iPV neurons and endogenous PV neuron was similar (Fig. 6A) .
In iPV neurons, functionally categorized genes associated with neurogenesis, synaptic transmission, and axonogenesis were up-regulated. The genes included Ngf, Gabra3, Calb2, Rarb, Gabrb2, Npy1r, snap25, and Sparcl1 (Fig. 5B ). Functionally categorized genes associated with fibroblast activity and mitosis were down-regulated (Fig. 6B ). For instance, S100A4, also known as FSP, was minimally expressed in iPV neurons and primary PV neurons, which indicated that iPV neurons had lost their initial MEF nature and gained neuron nature. We also highlighted the genes listed under the GO (Gene Ontology) biological process category "neurogenesis" during neural development and differentiation in the induced PV-GFP-positive neurons (Fig. 6C ). The MEF-related genes, like mitosis, were repressed in induced PV neurons (Fig. 6D ).
Discussion
Unlike other types of neurons that have already been comprehensively documented, the differentiation program that FIGURE 5 . iPV neurons integrate into hippocampal dentate gyrus neural networks in vivo. A, a schematic diagram represents iN cell transplant position, and arrows denote grafted GFPϩ cells in the hippocampal dentate gyrus after transplantation. green, GFP; blue, DAPI. B-D, 2-4 weeks after transplantation iN cells mature and express PV, NeuN, and synapsin. E, the grafted cells that had been electrophysiologically recorded were examined for the expression of PV. F, the action potentials showed high frequency discharges, sharp spikes, and high thresholds. G, the miniature PSCs were recorded in grafted cells in vivo. The red bar represents iPV neuron electrophysiological signals, and the black bar shows endogenous PV neurons. H, the amplitude and frequency of iPV neurons miniature PSCs were similar to endogenous PV neurons. The data are presented as the mean Ϯ S.E. of the cell counts. directs PV neuron specification and their essential roles in brain function and diseases are still under investigation (1, 2) . The efficient generation of PV neurons for research and application has long been a challenge in the field. In this study we identified a chemical compound forskolin that, in combination with Ascl1, efficiently induced the generation of PV neurons from fibroblasts. The iPV neurons generated by this approach have function, as evidenced by the in vitro and in vivo characterization. This finding will be invaluable for the application of PV neurons to treat brain diseases and cure neuropsychiatric disorders. A, hierarchical clustering analysis of global gene expression patterns of MEFs, 3-dpi iPV cells, 7-dpi iN cells, 14-dpi iPV cells, sorted induced PV-GFP ϩ cells from 14-dpi iPV cells, and endogenous PV neurons. Endogenous PV neurons were isolated from P20 PV-GFP mouse cortex. iPV cells were derived from MEFs at the corresponding days after Ascl1ϩforskolin conversion. Approximately 300 differentiated genes among primary PV neurons and MEFs were selected for clustering analysis. Grouped induced and repressed genes are categorized as up-regulated or down-regulated genes compared with those in MEFs for both iPV cells and primary PV neurons. The gene expression profile in iPV cells is homoplastic to that in primary PV neurons. B, in iPV cells, functionally categorized genes associated with neurogenesis were up-regulated, and functionally categorized genes associated with fibroblast activity and mitosis were down-regulated. C and D, Gene Ontology (GO) analysis revealed the GO terms "neuron-" and "MEF-" related genes between induced PV-GFP-positive neurons and MEFs. The numbers in the bar represent how many genes participated in this process.
Chemical compounds are a class of small molecules that are able to regulate the activity of proteins or signaling pathways in cells when added directly into culture. Over the last several years, abundant compounds have been identified that could increase the efficiency of induced pluripotent stem induction or replace certain transcription factors for reprogramming (20) . Combinations of chemical compounds, with or without transcription factors, were able to accomplish the reprogramming of somatic cells (21, 22) . Chemical compounds could also efficiently promote the generation of fibroblasts into neurons (13, 23, 24) . In this background we screened chemical compounds and identified forskolin, a small molecule that could improve the generation of iPV neurons from fibroblasts. Although not effective alone, the administration of forskolin to fibroblasts that were adenovirally infected with Ascl1 dramatically converted the fibroblasts into iPV neurons with an incredible efficiency. Importantly, Ascl1 alone could not generate iPV neurons, although it was reported that Ascl1 could convert fibroblasts to neurons by co-culturing with glia cells (25) . It is known that forskolin increases the cell level of cAMP. We found that cAMP analogs also promote the conversion in the presence of Ascl1. The data indicate that forskolin may act through the cAMP pathway during the conversion. Meanwhile, Ascl1 could activate the neuronal network. It is possible that the two important signaling pathways of activated cAMP signaling by forskolin and activated neuronal signaling by Ascl1 act together to push the fate of fibroblast to neuron. However, the detailed mechanism of the synergy between forskolin and Ascl1 in promoting iPV neuron induction still needs further investigation.
The great promises of transdifferentiation in regenerative medicine urge that converted cells, such as neurons, should be induced using safe approaches that neither prompt tumor formation nor result in other problems for the recipients. In this study, the iPV neurons were obtained from the adenoviral infection of a single transcription factor, Ascl1, supplemented with a chemical compound, forskolin. Adenoviruses rarely integrate into the host genome and, therefore, will minimally interfere with the gene expression profiles of the converted iPV neurons (11, 13) . Chemical compounds, upon the removal from the culture system, will neither impact the function nor the behavior of the iPV neurons. Thus, the iPV neuron induction strategy we developed in this study minimizes the possible safety uncertainties and might be particularly promising for the generation of clinical-grade human iPV neurons for therapeutic purposes.
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